Membrane vesicles were isolated from alkalophilic Bacillus No. 8-1, and the active transport of amino acids was studied. The transport of amino acids was dependent upon substrate oxidation and the presence of Na + . Concentrative uptake of amino acids was stimulated by the addition of an artificial electron donor system, ascorbate-phenazine methosulfate (PMS), and to a lesser extent by NADH, while succinate, L-lactate, and a-glycerol-phosphate did not stimulate the uptake. Af.MiV'.iV'-Tetramethyl-p-phenylenediamine (TMPD) and cytochrome c were able to replace PMS, and reduced forms of these compounds were also very efficient electron donors. Amino acid transport was dependent on electron transfer, and inhibition of NADH oxidation by cyanide, 2-heptyl-4-hydroxyquinoline-A'-oxide (HOQNO), and sodium azide directly prohibited serine transport. The pH optima for serine transport lay between pH 8 and 9 for all energy sources. Sodium ion stimulated serine transport in the presence of NADH, NADH plus cytochome c or succinate plus PMS, but had no stimulatory effect on the corresponding dehydrogenase activities. Sodium ion was also required for accumulation of serine in response to an artificial membrane potential where the respiratory chain was not operative. These results indicated that the stimulatory effect of Na + on amino acid uptake was on the transport process itself.
It has been generally accepted that bacteria take then, the mechanism of energy coupling to active up nutrients actively by means of specific trans-transport has been investigated by using memport systems at the expense of metabolic energy, brane vesicles and the relationship between active and that the energy required for active transport transport and respiratory oxidation has been is derived from either oxidative processes or ATP clearly established by Mitchell's chemiosmotic hydrolysis via membrane-bound ATPase {1- 7) . hypothesis that oxidation of electron donors is Kaback and his colleagues have described a accompanied by the expulsion of protons into preparation of plasma membrane vesicles devoid the medium, leading to the formation of a protonof cytoplasmic constituents and showed that the motive force (12, 13) . transport of amino acids and sugars by the memPrevious reports from our laboratory (14, 15 ) brane vesicles could be coupled to the oxidation showed that alkalophilic Bacillus No. 8-1 could of various physiological electron donors (8, 9) or accumulate amino acids into the cells against reduced phenazine methosulfate (10, 11) . Since concentration gradients, and that the internal M. KITADA and K. HORDCOSHI concentration was 60 times more than the external one. This strain required Na + for active transport of amino acids. A procedure for the isolation of cytoplasmic membranes of alkalophilic Bacillus No. 8-1 was developed and Na + -dependent transport of amino acids by membrane vesicles was examined.
MATERIALS AND METHODS

Organism and Growth
Conditions-Alkalophilic Bacillus No. 8-1 was used throughout the experiments, and growth conditions were as described previously (14) .
Preparation of Membrane Vesicles-Cells (1 g) harvested from the logarithmic phase were suspended in 30 ml of 0.03 M Tris-HCl buffer (pH 8) containing 5 % sucrose. Lysozyme (3 mg) was then added and the suspension was incubated at 30°C for 20min with gentle shaking. The spheroplasts formed were collected by centrifugation at 10,000 x Q for 10 min at 4°C. The precipitated spheroplasts were homogenized in 2 ml of icecold 0.05 M Tris-HCl buffer (pH 7.6) containing 5 mM MgCl, and 20 pig of deoxyribonuclease by means of a Teflon homogenizer. This mixture was diluted into about 70 volumes of 0.05 M TrisHCl buffer (pH 7.6) containing 5 mM MgCl,. The suspension was incubated at 25°C for 20 min with gentle stirring and then centrifuged at 3,000 x g for 15 min at 4°C to remove intact cells. The supernatant was centrifuged at 16,000X0 for 20 min at 4°C, and the pellet was washed twice with 0.05 M Tris-HCl (pH 7.6) containing 5 mM MgCl,.
Transport Experiments-Membrane vesicles (0.07-0.1 mg of protein) were incubated with 0.05 M Tris-HCl (pH7-9), 5 mM MgSO 4> 0.01M KC1, 0.05 M NaCI, and radioactive amino acids in a total volume of 0.1 ml at 30°C. Incubation was started by adding electron donors with vigorous shaking. After an appropriate time, the mixtures were rapidly filtered through membrane filters (Millipore Corp., Bedford, Mass.; 0.45 fim HA) and washed once with 5 ml of 0.1 M LiCl. The final concentration of L-tt/-14 CJserine (50 Ci/ mol) was 16 fiM. The uptake of [ 1 *C]serine in the presence of a potassium diffusion potential was assayed at 30°C as described by Tokuda and Kaback (16) Enzyme Assays-NADH oxidase activity was assayed in a manner similar to that described above. The reaction mixture (1 ml) contained 0.01 M KC1, 5 mM MgSO<, various amounts of NaCI, and 0.3 mg of membrane protein in 0.05 M Tris-HCl (pH 9). After preincubation for 5 min at 30°C, the reaction was started by the addition of 1 mM NADH (potassium salt) and oxygen uptake was measured 1 min later. Succinate dehydrogenase was assayed as described by Veeger et al. (18) . Enzyme activity was expressed as nmol O, uptake/mg protein per min. NADH cytochrome c reductase was assayed by the procedure of Brodie (19) with about 70 fig of membrane protein.
Chemicals-All f
14 C]amino acids (uniformly labeled) were from New England Nuclear Corp., Boston, Mass. Lysozyme and deoxyribonuclease were from Boehringer Mannheim. Cytochrome c (from horse heart) and valinomycin were purchased from Sigma. All other electron donors and inhibitors were of reagent grade, obtained from commercial sources.
RESULTS
Effects of Various Electron Donors on Amino
Acid Uptake-The effects of various electron /. Biochem. Table I . Addition of ascorbate plus PMS caused stimulation of serine uptake. NADH was also able to stimulate the accumulation, but not as effectively as ascorbate plus PMS. In addition, ascorbate itself produced appreciable stimulation of serine uptake at pH 9, whereas PMS had no effect on the uptake. The effect of ascorbate plus PMS and NADH on the uptake of other amino acids is shown in Table n . The uptakes of almost all amino acids, especially glycine, L-alanine, and a-aminoisobutyric acid (AIB), were stimulated by the addition of these electron donors. The stimulatory effect of ascorbate plus PMS was consistent with the fact that reduced PMS can feed electrons into the electron transport chain (11) . Next, attempts to increase the serine uptake by the addition of other electron coupling compounds were made. The results in Table HI show that TMPD and cytochrome c were able to replace PMS. It is noteworthy that the absolute level of serine accumulation was higher with TMPD or cytochrome c than with PMS. Succinate did not stimulate the serine Vol. 88, No. 6, 1980 uptake, but the addition of PMS caused marked stimulation of the uptake. Attempts to replace PMS with TMPD or cytochrome c were not successful.
Substrate Oxidation-The rates of oxygen uptake by membrane vesicles in the presence of various substrates are shown in Table IV . Only ascorbate and NADH, which stimulated amino acid uptake, were also effective as electron donors for respiration. In the presence of other substrates, oxygen utilization by the vesicles was not detected. In the presence of ascorbate plus PMS, autooxidation of reduced PMS was so rapid that oxygen uptake was not determined accurately. The rate of NADH oxidation was much faster than that of ascorbate, but NADH was much less effective than ascorbate in stimulating amino acid uptake.
Effect of Electron Transfer Inhibitors on Serine
Uptake-The effects of inhibitors on NADHdependent oxygen uptake and serine uptake are shown in Table V . NADH oxidation was sensitive to HOQNO, cyanide, and azide. These inhibitors also inhibited NADH-dependent serine uptake. These results indicate that NADH oxidation is cytochrome-linked. On the other hand, carbonyl cyanide-m-chlorophenylhydrazone and 2,4-dinitrophenol did not significantly affect NADH oxidation but strongly inhibited NADHdependent serine uptake. The effects of electron transfer inhibitors and uncouplers on serine uptake in the presence of ascorbate plus PMS were almost identical with those found for NADHdependent serine uptake, except that HOQNO b Not determined.
c Carbonyl cyanide-/n-chlorophenylhydrazone.
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a Expressed as nmol of oxygen uptake/mg protein per min. ° With ascorbate but without membranes the value was 23 nmol per min. Time(min) Fig. 1 . Effect of pH on the time course of serine uptake in the presence of ascorbate plus TMPD. Aliquots (0.09 mg protein) of membranes were diluted to a final volume of 250 p\ in the reaction media described in " MATERIALS AND METHODS" at a pH indicated. After preincubation for 3 min, ascorbate and TMPD were added to the reaction mixtures at final concentrations of 20 mM and 0.1 mM, respectively. The incubauons were carried out for the times indicated, then the reactions were terminated and the samples (50 /il) were assayed.
/. Biochem.
TMPD at various pH values. The initial rate and the steady state level of serine accumulation were optimal at pH 8.7. Figure 2 illustrates the effect of pH on the initial rate of serine uptake in the presence of other electron donors. The pH optima of serine uptake lay between pH 8 and 9 for all the electron donors. Na + Requirement for Serine Uptake-The serine uptake was found to require Na + specifically in the presence of ascorbate plus PMS. Other monovalent cations could not substitute for Na + and different species of counter anions for Na + did not affect the uptake (Table VI) . Figure 3 shows that the optimal concentration of Na + for serine accumulation was 0.05 M Na + . The question arises whether the stimulatory effect of Na + on serine uptake was on the electron transfer chain or on the transport system itself. To answer this question, we examined the effect of Na + concentration on NADH oxidase, NADH cytochrome c reductase, and succinate dehydrogenase, which were supposed to couple to stimulate serine uptake. As shown in Figs. 4 the serine uptake by all the electron donors tested, but had no significant effect on the enzyme activities, which indicated that the stimulatory effect of Na + on serine uptake is not attributable to an effect on the enzyme activities. These results strongly suggest that the effect of Na + on serine uptake is due to action on the transport process itself.
Accumulation of Serine in Response to a Membrane Potential-It has been reported that amino acids and sugars are accumulated into membrane vesicles in response to a membrane potential caused by a potassium diffusion gradient in the presence of valinomycin (4, 6, 20, 21) . A similar phenomenon was observed with the transport system of alkalophilic Bacillus No. 8-1 (Fig. 6) . When potassium-loaded vesicles were treated with valinomycin and diluted into Tris-HCl buffer containing Na + and PKJlserine, there was rapid and transient accumulation of serine into the vesicles. On the other hand, lower uptake was observed when the vesicles were diluted into the same buffer without Na + or when valinomycin was omitted.
DISCUSSION
The results presented in this study show that physiological and artificial electron donor systems can be coupled to amino acid transport in isolated membrane vesicles prepared from alkalophilic Bacillus No. 8-1. The transport of almost all natural L-amino acids could be activated by ascorbate plus PMS and by NADH, which could enter the electron transport chain directly and via NADH dehydrogenase, respectively. Other physiological electron donors such as D-lactate, a-glycerol phosphate, and succinate were not effective, although these were useful electron donors for amino acid transport by membrane vesicles of E. coli (22) . Succinate dehydrogenase (measured in the presence of PMS) was present in these membrane vesicles, but it was not coupled to the cytochrome system and thus to serine transport. The gap in the electron transport from succinate could be bridged by PMS, as found in the case of Bacillus subtilis (11) . At external pH values above 9, ascorbate was an effective electron donor for respiration and then caused stimulation of serine uptake even in the absence of PMS. NADH oxidation seems not to be able to generate proton motive force of sufficient magnitude for serine uptake because NADH is not as effective as ascorbate in stimulating serine uptake. The effect of NADH on serine uptake could be potentiated by the addition of PMS, TMPD, and cytochrome c which could be reduced by NADH chemically (PMS and TMPD) or enzymatically (cytochrome c). TMPD and cytochrome c could also substitute for PMS in the presence of ascorbate. A stimulatory effect of TMPD in the presence of ascorbate has been found in the transport of AJB in membrane vesicles of a marine pseudomonad (25) and of proline in those of Mycobacterium phlei (24) , but it has not been reported that cytochrome c stimulates serine uptake in the presence of ascorbate or NADH.
Inhibition studies indicate that HOQNO and cyanide inhibit respiration by the vesicles in the presence of NADH, showing that NADH oxidation is cytochrome-1 inked. On the other hand, uncoupling agents such as CCCP and 2,4-dinitrophenol had only a slight effect on NADH oxidation, but almost completely inhibited serine uptake. Moreover, with the exception of HOQNO, these inhibitors were effective on ascorbate-plus-PMS-dependent serine uptake. Difference spectra of ascorbate-plus-PMS-reduced membrane vesicles with respect to control preparations in the oxidized form showed bands at about 603 and 442 nm for cytochrome a and bands in the range of 421, 523, and 553 nm which could represent cytochromes b and c (data not shown). These results indicate that ascorbate plus PMS reduces the respiratory chain of membrane vesicles of this strain at oxidation levelb.
An absolute requirement for Na + was observed for active transport of serine by these membrane vesicles. It has been found in Pseudomonas aeruginosa that Na + stimulates the uptake of L-leucine, L-isoleucine, and L-valine, and that the uptake of other amino acids does not require Na + (25) . In alkalophilic Bacillus No. 8-1, however, Na + stimulated the uptake of all the amino acids listed in Table I (data not shown). Other monovalent cations could not substitute for Na + , although the transport of L-proline in Microbacterium phlei (24) and that of thiomethyl-/9-galactoside (TMG) in E. coli (26) were stimulated by Li + .
The activity of NADH oxidase was not affected by the addition of Na + although NADHdependent serine uptake was stimulated by Na + . Furthermore, succinate dehydrogenase and NADH cytochrome c reductase were also insensitive to Na + , whereas succinate-plus-PMS-and NADH cytochrome c-dependent serine uptakes were stimulated by Na + . These results suggest that Na + affects the transport system itself, and that substrate oxidation was not affected by Na + at the concentrations necessary for serine transport. This is also supported by the results in Fig. 6 . Sodium ion was required for serine accumulation in response to a membrane potential produced artificially. This accumulation is independent of metabolism, so it is clear that Na + does affect the transport system itself.
We have already observed that transient uptake of AIB by membrane vesicles was driven by an Na + gradient and was not inhibited by CCCP or HOQNO (15) . The results in Fig. 6 show that serine uptake is also driven by an Na+ gradient, because serine accumulation is observed in the absence of valinomycin.
According to chemiosmotic theory, active transport is driven by a proton electrochemical gradient (Apt-a*) which is composed of the chemical gradient (4pH) and the membrane potential (A<p). The magnitude of JpH is dependent on external pH, and JpH decreases with increasing external pH, while a constant A<j> is measured in respiring vesicles over a broad range of external pH (12, 13) . Therefore, when accumulation of a transport substrate is examined as a function of external pH, none of the profiles corresponds to those described for dpYi*. In membrane vesicles of E. coli, /Ifin* takes a maximum value at pH 5.5-6.0 and decreases sharply with increasing external pH to pH 8.0, while gradients of accumulated solutes (succinate, lysine, and TMG) do not vary dramatically with external pH and the solutes are accumulated to an extent which is in excess of the values determined for J/2H* above pH 6.0 or 6.5 (16, 27) . The reason for this phenomenon is that the stoichiometry between protons and transport substrates varies as a function of external pH and an increase in stoichiometry to values higher than unity may occur at relatively alkaline pH values (16, 27, 28) . Another explanation is the operation of an H + /Na + antiporter which catalyzes the exchange of external H + for internal Na + at alkaline pH (29, 30) . As mentioned above, the uptake of amino acids by membrane vesicles of alkalophilic Bacillus No. 8-1 is dependent on the presence of Na + and the transport is driven by an Na + gradient, suggesting that H + /Na + antiport and Na + -subsrrate symport mechanisms may be operative in the transport system of this strain. One of the interesting aspects of alkalophilic bacteria is that they require Na + specifically for the uptake of amino acids into the cells (14) .
Vol. 88, No. 6, 1980 Although the reasons for this phenomenon are at present obscure, the existence of an electrogenic H + /Na + exchange mechanism at alkaline pH might account for this behavior.
